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The addition of themonosaccharideO-GlcNAc is one of themostmysterious posttranslational modifications.
In this issue ofDevelopmental Cell,Gambetta andMu¨ller (2014) show that O-GlcNAcylation of theDrosophila
Polycomb group (PcG) protein Polyhomeotic (PH) is essential for homeotic gene silencing. O-GlcNAcylation
counteracts nonproductive aggregation of PH, allowing transcriptional repression.O-linked b-N-acetylglucosamine (O-
GlcNAc) is a ubiquitous, but enigmatic,
posttranslational modification that is
found on serine (S) and threonine (T) resi-
dues of a plethora of nuclear and cyto-
plasmic proteins (Hart et al., 2007).
O-GlcNAc transferase (OGT) catalyzes
the transfer of GlcNAc from the UDP-
GlcNAc sugar-nucleotide donor to target
proteins. The cellular level of UDP-GlcNAc
reflects nutrient flux and thereby links
O-GlcNAcylation to metabolic state.
O-GlcNAcylation is highly dynamic:
it is removed by O-GlcNAcase (OGA)
and competes with O-phosphorylation.
Whereas protein ubiquitylation or phos-
phorylation is controlled by hundreds
of enzymes, most organisms have only
one OGT and one OGA.
Loss of OGT has surprisingly variable
consequences in different species (Hart
et al., 2007). OGT is essential in mammals
and required for the viability of a wide vari-
etyof cell types.Bycontrast,Caenorhabdi-
tis elegans-lackingOGTdevelop into fertile
adults. Drosophila ogt mutants die dur-
ing development and display a Polycomb
phenotype (Gambetta et al., 2009; Sinclair
et al., 2009). Polycomb group (PcG) pro-
teins are transcriptional repressors that
control developmental gene expression
(Simon and Kingston, 2013). The first PcG
mutations were discovered in Drosophila
due to their requirement for correct
segmental expression of homeotic genes.
We now know that PcG proteins play key
roles in stem cell biology, cell differentia-
tion, and cancer epigenetics. PcGproteins
typically function as part of distinct
multiprotein assemblages that modulate
chromatin (Simon and Kingston, 2013).
PcGcomplexes come in twomajor flavors:
PRC1-type complexes that can mediate
the formation of higher-order chromatin
structures or ubiquitylate histone H2A,and PRC2-type complexes that methylate
histone H3 lysine 27. Collectively, these
activitiesdrive the formationof a chromatin
environment that represses gene tran-
scription. In flies, PcG complexes are
recruited to their target genes through
specific DNA elements called Polycomb
response elements (PREs).
Drosophila OGT is encoded by the
super sex combs (sxc) gene (Gambetta
et al., 2009; Sinclair et al., 2009). Loss of
ogt/sxs causes a classic PcG phenotype
due to ectopic expression of homeotic
genes.How lossofO-GlcNAcylation leads
to transcriptional de-repression of a selec-
tive set of genes remained unknown. Pol-
yhomeotic (PH) appeared to be the sole
fly PcG protein that is O-GlcNAcylated
(Gambetta et al., 2009). The O-GlcNAc
distribution on chromatin coincides with
PREs and promoters bound by PcG pro-
teins. Precluding a simple explanation,
loss of OGT does not have a substantial
impact on PcG protein binding to chro-
matin (Gambetta et al., 2009; Sinclair
et al., 2009). Given the multitude of
O-GlcNAcylated proteins, a component
of chromatin or the transcription machin-
ery other than PH might be the true
effector of OGT-dependent repression.
In this issue of Developmental Cell,
Gambetta and Mu¨ller (2014) use an
elegant combination of biochemistry and
genetics to establish that PH is indeed
a key substrate of OGT and that its
O-GlcNAcylation is essential for PcG
repression in flies. Surprisingly, the crucial
function of O-GlcNAcylation appears
to be preventing the formation of PH
aggregates (Figure 1). PH aggregation
depends on the interplay between a low-
complexity S/T-rich stretch of residues
and the sterile alpha motif (SAM). SAM is
an 70 aa independently folded domain
found in a wide range of eukaryotic pro-Developmental Cell 31,teins. The crucial functional feature of
SAMs is their ability to self-associate
and form helical polymers. Indeed, SAM-
driven ordered polymerization is essential
for gene silencing by PH (Robinson et al.,
2012). Using genetic rescue experiments,
Gambetta and Mu¨ller (2014) found that
replacement of PH with a mutant that
lacks the S/T stretch recapitulates the
developmental phenotype of ogtmutants.
This establishes the S/T stretch in PH as
the crucial substrate of OGT for PcG
repression. However, there are PH targets
that are not affected by loss of OGT
but that do require an intact SAM. Thus,
PH retains OGT-independent repressive
functions for some genes.
How does this repression work?
The increased aggregation of PH, in the
absence of O-GlcNAcylation, does not
preclude its association with other PRC1
subunits, nor does it interfere with PRE
binding. H2A ubiquitylation is unlikely to
be relevant, because it is not mediated
by the canonical PRC1 but by a distinct
assemblage that lacks PH (Lagarou et al.,
2008). More likely, ordered SAM-driven
polymerization may direct the forma-
tion of higher-order, repressive chromatin
structures (Isono et al., 2013). It should be
kept in mind that PREs and promoters
bound by PcG proteins are typically
nucleosome-free (Mohd-Sarip et al.,
2006). Therefore, chromatin compaction
isunlikely to involve increasednucleosome
occupancy. Rather, PH oligomers may
play an architectural role in the formation
of the left-handed helical organization of
DNA bound by PRC1 (Mohd-Sarip et al.,
2006) or by mediating long-range spatial
conformations involving multiple PREs
andpromoters (Isonoetal., 2013;Lanzuolo
et al., 2007; Simon and Kingston, 2013;
Figure 1). Indeed, polymerization-defec-
tive SAM mutations in the mammalian PHDecember 8, 2014 ª2014 Elsevier Inc. 521
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Figure 1. O-GlcNAcylation of PH Enables PcG Silencing
(A) Schematic of PH. O-GlcNAcylation of the S/T stretch prevents aggregation involving the S/T stretch
and the SAMdomain. (B) O-GlcNAcylation of PH allows the SAMdomain to form ordered oligomers, which
may play an architectural role in the formation of PRC1 clusters, capturing multiple PREs and promoters,
thus allowing gene silencing. (C) In the absence of O-GlcNAcylation, PH forms disordered aggregates,
which can still associate with DNA but fail to repress transcription. It is tempting to speculate that this
might be a dynamic process, regulated by de-O-GlcNAcylation, O-phosphorylation, or the cellular level
of UDP-GlcNAc.
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Previewshomolog PHC2 affect clustering of PRC1
and homeotic gene regulation (Isono
et al., 2013). Drosophila cells contain a
pool of PH separate from PRC1 (Lagarou
et al., 2008), so it is possible that O-
GlcNAcylation controls PH cycling in and
out of PRC1 clusters. Considering its
molecular mass, and compared to size-
exclusion chromatography (see, e.g.,
Lagarou et al., 2008), PRC1 migrated into
surprisingly low-density fractions during
sucrose gradient sedimentation (Gam-
betta and Mu¨ller, 2014), indicating a non-
globular, extended conformation. Finally,
O-GlcNAcylation might also play a role in
mammalian PcG repression, as it counters
the SAM-driven aggregation of human PH
homologs (Gambetta and Mu¨ller, 2014).522 Developmental Cell 31, December 8, 201Prevention of protein aggregation
might be a more general function of
OGT, potentially relevant in human dis-
eases associated with this process, such
as Alzheimer’s disease. O-GlcNAcylation
might help to counteract protein misfold-
ing caused by cellular stresses such as
heat or by mutations. Alternatively, O-
GlcNAc-controlled oligomerization of PH
might be part of a physiological mecha-
nism to regulatePcG repression (Figure 1).
O-GlcNAcylation is typically highly dy-
namic and controlled through competition
with phosphorylation and its removal by
OGA (Hart et al., 2007). Thus, different
signaling pathways may converge on PH
to modulate PcG repression. An exciting
possibility is that metabolic state, which4 ª2014 Elsevier Inc.determines the cellular level of the
UDP-GlcNAc donor, controls PcG repres-
sion through O-GlcNAcylation of PH.
Knockout of ogt has very different effects
in different species, suggesting a fast
evolutionary diversification of its key
substrates. However, human ogt rescues
a Drosophila null mutant (Sinclair et al.,
2009). Thus, the importance of O-
GlcNAcylation might be largely deter-
mined by the context in which it functions,
rather than by OGT itself. In conclusion,
the results of Gambetta and Mu¨ller reveal
novel aspects of PcG repression and
provide a new handle to prize apart the
secrets of O-GlcNAcylation.REFERENCES
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